Abstract The kinetic excitation of ideal magnetohydrodynamic (MHD) Alfvén instabilities is investigated for operations at the EAST tokamak. The instabilities include α-induced toroidal Alfvén eigenmodes (αTAE; here, α = −q 2 Rdβ/dr, with q being the safety factor, β the ratio between the plasma and magnetic pressures, R the major radius, and r the minor radius), toroidicity-induced Alfvén eigenmodes (TAE), and the energetic particle continuum mode (EPM). The αTAE, trapped by α-induced potential wells along the magnetic field line, can be readily destabilized by energetic particles due to negligible continuum damping via wave energy tunneling. It is shown for the geometry and the parameters similar to those of the EAST equilibrium that αTAE is different not only from the EPM by the potential-well determined frequency, but also from the TAE by the broad frequency spectrum outside the toroidal frequency gap.
Introduction
Alfvén instabilities and energetic particle physics play important roles in tokamak plasmas, such as toroidicity-induced Alfvén eigenmodes (TAE) [1, 2] , energetic particle continuum modes (EPM) [3] , α-induced toroidal Alfvén eigenmodes (αTAE) [4∼6] , and so on. TAEs are eigenmodes located in the toroidal Alfvén frequency gap decoupled from the Alfvén continuum. EPMs, with their frequencies in the Alfvén continuum, suffer finite continuum damping. αTAEs are MHD eigenmodes trapped in the potential wells along the magnetic field line, and are thus independent of the frequency gap. These Alfvén activities may modify the particle distribution and cause fusion particle losses, which may damage the first wall of fusion devices. The Alfvén instabilities have been extensively investigated in both theory/simulation and experiments in recent years [7∼20] . Auxiliary heating systems have been developed for the EAST tokamak, such as neutral beam injection [21, 22] and wave heating systems. The associated experiments can generate energetic particles, which may excite the Alfvén instabilities in EAST. Since the stability features of the Alfvén modes are dependent on plasma parameters, such as the safety factor q, magnetic shear s, pressure gradient, and so on, the rapidly varying parameters during the L-H or H-L transitions in tokamak experiments may support plenty of Alfvén instabilities. In the meantime, the energetic particles in the core and the pedestal regions may destabilize these Alfvén modes and thus potentially affect the performance of EAST. The motivation in this work is to study the Alfvén instabilities excited by energetic particles when the geometry and parameters are similar to EAST for the purpose of helping further the understanding and improvement of the performance of EAST operations. This simulation does not treat the real EAST equilibrium geometry.
The rest of the paper is organized as follows. The basic model is presented in section 2, the results are discussed in section 3, and the main conclusion is outlined in section 4.
Basic model
In this paper, we use a simplified s − α geometry model, and do not treat the damping by thermal plasma damping. We consider a large aspect ratio (ε = r/R << 1), and shifted circular magnetic surfaces. The plasma is considered as consisting of a core (C) and an energetic (E) component. The core plasma as an ideal MHD fluid supports the Alfvén modes, and the energetic component provides the kinetic instability drive [3, 5, 8] . For simplicity, we adopt the high-n ballooning-mode formalism (n >> 1 is the toroidal wave number). The Alfvén-ballooning modes are then governed by the vorticity equation,
where −i c ω b · ∇δψ = δA is the parallel component of the vector potential perturbation.
R is the major radius, θ k = k r /(ndq/dr), with k r being the WKB wavenumber of the radial envelope,
is the energetic particles finite Larmor-radius correction to V ,
The left-hand side of Eq. (1) is the inertial term, and the right-hand side consists of the field line bending (first), the ballooning drive (second) and the kinetic compression (third) terms. The Alfvén instabilities are driven by the kinetic compression term in Eq. (1) (the third term), where the nonadiabatic response function δG is governed by the linear gyrokinetic equation,
the magnetically trapped energetic-particle dynamics are determined by the bounce and processional motions represented by the guiding centre propagator in the lefthand side, along with the free-energy source in both the configuration and velocity in the right-hand side QF 0 term. In this paper, F 0 carries out a Maxwellian dis-
, where n E0 and T E0 are, respectively, the density and temperature of energetic particles at θ=0. We use a hybrid simulation code to solve Eqs. (1) and (2) in the ballooning space, and the simulation method is similar to that used in Ref. [23] .
Results and analysis
An H mode with type-two ELMs has been observed on EAST during the recent experiment, so the pedestal regime may be in the stable region of the second ballooning mode. The physics in the pedestal regime is important because it is related to the edge localized modes and other instabilities, so we want to study the Alfvén instabilities in this area. We use a linear gyrokinetic-MHD hybrid simulation code to investigate the Alfvén instability when the geometry and parameters are similar to EAST. In the pedestal region (about 0.94r∼0.99r, r is the normalized radius) the plasma parameter profile is quoted from Ref. [24] . The safety factor q = 7.6 and the β C of the plasma is about 0.0012, α=6, s = 4.8 at 0.95r, where β C is the ratio between the plasma and magnetic pressures. When the tokamak is operated in L-H or H-L mode transition, the parameters, such as density and temperature, will be significantly changed, and accordingly the α and s will also be changed greatly. So we scan these parameters to study the Alfvén instabilities in the pedestal region and plot the frequency Ω r and growth rate Ω i in Fig. 1(a) and Fig. 1(b) (where Ω r =ω r /ω A0 , Ω i =γ/ω A0 , ω A0 = v A0 /qR). In the core plasma region, we scan the parameters along the r direction, assuming β E =0.25β C , and plot the frequency and growth rate in Fig. 1(c) . In Fig. 1(a) , s = 4.8, the energetic particle beta β E = 1.69×10 −4 , k θ ρ A0 = 0.4, and the energetic particle speed v E0 =0.35v A0 to scan α, and when α< 3.1 this region becomes the first ballooning-mode stable regime. In this region, some Alfvén instabilities exist, and these are TAE. When 3.1 < α < 7.9, this region becomes the ballooning-mode unstable regime, which is related to the type-three edge localized modes. When α > 8, it changes to the second ballooning-mode stable regime, where some Alfvén modes also exist, which are αTAE modes. In Fig. 1(b) , we fixed α=6 and scan s, and the other parameters are the same as those used in Fig. 1(a) . When s < 3.5, it becomes the second ballooning-modes stable regime, and when s > 3.5, it will be the ballooning unstable region. When s < 3.5, plenty of αTAEs exist, and we know that TAE is the mode in the toroidal Alfvén frequency gap,
We can see that αTAEs are independent of the TAE gap, i.e. they can be in and out of the gap. In Fig. 1(c) , we can see that when r < 0.15, the main instability is the EPM, when 0.15 < r < 0.7, the main instability is TAE, and when r > 0.7, EPM and TAE will co-exist. From the above discussion we can see that plenty of Alfvén instabilities exist when the geometry and parameters are similar to EAST. The reason why these modes are αTAE, TAE and EPM will be explained later.
Why are these Alfvén modes in the second stable region αTAE? Let us plot the V and |δΨ| structure in Fig. 2(a) , where s = 2.6, α = 6, k θ ρ A0 = 0.3, β E = 2.8×10 −4 , v E0 = 0.35v A0 , and the corresponding complex eigenmode frequency is Ω = Ω r + iΩ i = ω r /ω A0 + iγ/ω A0 = 0.739+ i1.854×10 −2 . Fig. 2(b) is the V and |δΨ| structure of the EPM for s = 0.278, α=0.016, v E0 =0.45v A0 , k θ ρ A0 =0.3, β E =9.551×10 −3 , and the corresponding complex eigenmode frequency is Ω = Ω r + iΩ i = ω r /ω A0 + iγ/ω A0 = 0.248 + i2.23 × 10 −2 . Fig. 2(c) is the V and |δΨ| structure of the TAE for s = 0.72, α=0.152, v E0 =0.45v A0 , β E =1.64×10 −3 , k θ ρ A0 =0.3, and the corresponding complex eigenmode frequency is Ω = Ω r + iΩ i = ω r /ω A0 + iγ/ω A0 = 0.51 + i3.16 × 10 −2 . It can be seen the αTAE is trapped in the α-induced potential well, so it will be decoupled with the Alfvén continuum spectrum. Due to negligible continuum damping via wave-energy tunneling, these modes suffer a negligible damping rate. But the TAE is the eigenmode in the gap so it is decoupled with the continuum spectral. The mode structure of the EPM behaves like TAE, and they are not in the potential well. The EPM is in the continuum spectrum so it suffers a large continuum damping rate, and is driven by energetic particles.
From Fig. 3(a) it can be seen that the potential well becomes deeper as α increases, and from Fig. 3(b) it can be seen that the potential well becomes deeper as s decreases, which is the reason why the discrete Alfvén eigenmode frequency increases as α increases in Fig. 1(a) (here, the potential well is contributed by the energetic particles and thermal plasmas, and since α e is usually smaller than α c , it is mainly contributed by thermal plasmas). In addition, the frequency increases as s decreases in Fig. 1(b) , and the reason for this is that the mode frequency increases as the potential well becomes deeper. Fig.2 (a) The V and |δΨ| structures of αTAE, (b) the V and |δΨ| structures of EPM, and (c) the V and |δΨ| structures of TAE For EAST, the energetic particle's velocity could be different, because it will be affected by NBI, radiofrequency wave heating and the fusion reaction. For example, the range of EAST-NBI energetic particle energies is about 50 keV∼80 keV. So we should study the effects of different v E on these three different Alfvén instability modes. We fixed EPM's parameter as s = 0.278, α = 0.016, q = 1.17, β E = 2.62×10 −3 , k θ ρ A0 =0.3, fixed αTAE's parameter as s = 2.6, α = 6, q = 7.6, β E = 2.89×10 −4 , k θ ρ A0 =0.3, and fixed TAE's parameter as s = 0.72, α=0.1524, q = 2.28, k θ ρ A0 =0.3, β E =1.64×10 −3 . Then we scan v E and plot the frequency and growth rate in Fig. 4 . We can also see that the frequency of αTAE and TAE changes slightly in this energetic particle velocity range, because these modes are eigenmodes. The small variations in the frequency come from the contribution of the energetic particles to Fig.4 The frequency and growth rate of (a) EPM, (b) αTAE, and (c) TAE versus vE/vA the potential V . The EPM's frequency is determined by energetic particles, so it changes greatly with the change in v E , which is different between these modes.
Finally, we study the resonant excitations of these modes by energetic particles as functions of k θ ρ A0 ; here, k θ = nq/r, ρ A0 =v A0 /ω c0 . This corresponds to the contribution of the finite Larmor radius. We fixed EPM's parameters as s = 0.278, α = 0.016, q = 1.17, β E = 2.62×10 −3 , v E =0.45v A0 , αTAE's parameters as s = 2.6, α = 6, q = 7.6, β E = 2.89×10 −4 , v E = 0.3v A0 , and TAE's parameters as s = 0.72, α = 0.1524, q = 2.28, v E = 0.45v A0 , β E = 1.64×10 −3 . Then by scanning k θ ρ A0 , the frequency and growth rate can be obtained in Fig. 5 . We can see that EPM's frequency changes greatly with the change in k θ ρ A0 , and the reason for this is that these modes are not the eigenmodes. Its frequency is determined by the energetic particles, and the change in k θ ρ A0 corresponds to different resonance conditions. αTAE's frequency does not change, its eigenmode and frequency is determined by the potential well, and TAE's frequency does not change. Since it is eigenmode, the frequency has no relation with the energetic particles. This is another difference between these modes. We have studied and presented the Alfvén instability features when the geometry and parameters are similar to EAST. EPM, TAE and αTAE exist and they are excited by energetic particles and may well become unstable. Therefore, these Alfvén instabilities are important in fusion plasmas.
Conclusion
We adopted a linear gyrokinetic-magnetohydrodynamic hybrid simulation code to investigate the Alfvén instabilities when the geometry and parameters are similar to EAST plasmas. The results indicate that plenty of discrete Alfvén instabilities (αTAE) are excited in the pedestal region, while plenty of EPM and TAE instabilities are found in the core region. The EPM frequencies are determined by the energetic particles via wave-particle resonance conditions indexed by particle velocity and so on. The α-and s-dependent potential wells can support a broad frequency spectrum of αTAEs, which exist inside and outside the toroidal frequency gap and are demonstrated to be important in addition to the well-known TAEs and EPMs. 
